Although the extra-solar planets discovered so far are of the giant, gaseous, type, the increased sensitivity of future surveys will result in the discovery of lower mass planets. The detection of O 2 in the atmosphere of a rocky extra-solar planet would be a potential indicator of a life. In this paper we address the specific issue of whether we would be able to detect the O 2 A-band absorption feature in the atmosphere of a planet similar to the Earth, if it were in orbit around a nearby star. Our method is empirical, in that we use observations of the Earth's O 2 A-band, with a simple geometric modification for a transiting extra-solar planet, allowing for limb-darkening of the host star. We simulate the spectrum of the host star with the superposed O 2 A-band absorption of the transiting planet, assuming a spectral resolution of ∼7 km/s (typical of current echelle spectrographs), for a range of spectral signal-to-noise ratios. The main result is that we could reliably detect the O 2 A-band of the transiting planet for host stars with radii R ≤ 0.3R ⊙ . However, using existing instrumentation and 8m telescopes, this requires target M stars with m(V ) ≈ 10 or brighter for integration times of ∼ 10 hours or less. The number of such stars over the sky is small. Larger aperture telescopes and/or improved instrumentation efficiency would enable surveys of M stars down to m(V ) ≈ 13 and greatly improve the chances of discovering life elsewhere.
Introduction
In this paper we quantify the detectability of O 2 in the atmospheres of Earth-like planets in orbit around low mass stars. We investigate O 2 in particular because (a) it provides a potential indicator for life, (b) it produces a strong absorption band at optical wavelengths where high resolution spectroscopy can easily be done using large ground-based telescopes, and (c) the individual O 2 spectral lines are narrow, and the host star's peculiar velocity is likely to offset many of the extrasolar planetary O 2 lines from the telluric ones, helping the detection. Agreement between the observed velocity derived from the planetary O 2 lines, and the independently determined host star's peculiar velocity, would provide strong confirming evidence of the reality of the detection.
Low mass stars offer an easier target than larger stars for the detection of planetary transits, in that a larger fraction of the stellar flux is blocked as the planet transits. However, for a planet orbiting in the habitable zone (HZ) of a low mass star, synchronous rotation may occur by about 4.5 Gyr after formation due to tidal damping (Kasting et al. 1993 ). However, Joshi et al. (1997) have produced detailed models of the atmospheres of terrestrial-type planets around M-stars. They conclude that, despite the synchronous rotator problem and possible stellar activity, planets orbiting M stars can support atmospheres over a large range of conditions and are very likely to be habitable. Rosenqvist & Chassefière (1995) investigate upper limits for the O 2 partial pressure at a planetary surface for primitive abiotic atmosphere, finding an upper limit of ∼ 10 mbar, compared to the terrestrial value of ∼ 200 mbar. On this basis they suggest that the detection of large amounts of O 2 in the atmosphere of an extra-solar planet would be persuasive evidence for the presence of life.
A simple analytic estimate of the detectability of O 2 has been carried out by Schneider (1994) . He assumed a uniform stellar disk and an O 2 density which was constant with atmospheric height. No spectral details were considered since the calculation was based on the total equivalent width of the O 2 A-band feature. Those simplifications motivated the more detailed calculations described in this paper.
The remainder of this paper is organised as follows: In Section 2, we use ground-based spectra to parameterise the Earth's atmospheric O 2 absorption. In Section 3 we apply that parameterisation to a transiting extra-solar planet. In Sections 4 to 6 we give quantitative estimates of the detectability of the O 2 A-band for various spectral signal-to-noise ratios and host stellar radii and comment on the use of additional spectral features to improve the detection limits beyond those we report here.
Modelling the terrestrial O A-band spectrum
To model the terrestrial O 2 A-band spectrum, we use high spectral resolution observations of the terrestrial O 2 A-band from two high redshift quasar spectra. The spectra of Q0019-1522 and Q0827+5255 were obtained using the Keck telescope with the HIRES spectrograph. Due to incomplete wavelength coverage in the Q0019-1522 spectrum, and high redshift absorption contamination in the spectrum of Q0827+5255, the two spectra were used to provide a complete, high resolution, uncontaminated spectrum. Apart from this, these spectra are ideal for the purpose, as their intrinsic spectra are otherwise featureless in the wavelength range of the O 2 A-band features.
Our aim is to explore detection sensitivity for the O 2 A-band absorption of an extra-solar Earth-like planet as it transits its host star. One of the variables we explore later is the spectral signal-to-noise ratio of the host star. To generate extra-solar simulations we thus require a simplyparameterised, noise-free model of the O 2 A-band absorption. We obtain this from an empirical fit to the individual absorption lines in the terrestrial A-band. From the observed spectrum, we selected the 28 strongest lines in the spectral range 7623 − 7699Å, and fitted Voigt profiles to each one individually using VPFIT. VPFIT is a non-linear least-squares Gauss-Newton algorithm. The fitting prcedure provides an initial "relative column density", N i , for each of the 28 lines. The parameters required to generate one absorption line include column density, intrinsic line width, oscillator strength, absorption coefficient, and laboratory wavelength.
The absolute O 2 column density measured on Earth looking towards the zenith is
The O 2 number density at the Earth's surface is ρ • = 5.3 × 10 24 particles m −3 and the O 2 scale height is h = 7.7 km (NASA website), so for H → ∞,
This number applies to each of the 28 lines we fitted. The HITRAN database (Rothman et al. 1998) lists (with relative line strengths) a total of 108 O 2 A-band features in the spectral range 7595 − 7707Å. We plotted the 28 fitted N i against the corresponding "line strength" parameter from the HITRAN database and found a very tight linear relationship over 2 orders of magnitude in column density. This enabled us to measure "relative column densities", N i , for all 108 lines in the HITRAN database, including multiply-blended, very weak lines, which would otherwise be difficult to fit. The tight linear relationship described above shows that the 28 strongest O 2 lines correspond well to the linear part of a curve-of-growth, so that for an individual absorption line, the absorption equivalent width, W , obeys W ∝ Nζλ. We can therefore produce a "relative oscillator strength", ζ i , for each of the 108 lines,
where for convenience, the proportionality constant K was chosen such that ζ i = 1 for the strongest O 2 line. We thus end up with a table of 108 values for ζ i (derived as above) and precise corresponding wavelengths (from the HITRAN database) which can then be used to generate a set of Voigt profiles giving a good fit to the entire observed O 2 A-band.
The advantage of this method is that we can subsequently model the O 2 A-band as seen in transmission against an extra-solar planet as it transits its host star using a single parameter, the geometrically re-scaled O 2 column density. The intrinsic line width, which we approximate as being the same for all O 2 lines, is derived directly from the terrestrial observations and kept constant. The synthetic spectrum derived in this way is illustrated in Figure 1 . It gives a good detailed fit to the observations and therefore to the total observed equivalent width across the O 2 A-band.
Modelling the O 2 A-band spectrum of a transiting extrasolar Earth-like planet
We make a number of simplifying assumptions for ease of calculation: (a) we assume that the planet occults the host star centrally, (b) we use a featureless continuum for the underlying stellar light, thereby ignoring the intrinsic stellar absorption features (c) we neglect the telluric O 2 terrestrial absorption. The host star will have a peculiar velocity with respect to Earth, and the planet will clearly have the same peculiar velocity at mid-transit. It will be hard or impossible to detect planets around stars with peculiar velocities which are small compared to the observed intrinsic width of an individual O 2 line, but feasible otherwise. Finally, (d) we do not attempt to take into account the effect of refraction in the extra-solar planetary atmosphere. 
The residual starlight
Here we deal with the residual starlight which spills around the solid planet and its atmosphere, i.e. the light which is unaffected by either. The stellar surface brightness decreases with projected radius. This limb-darkening effect is wavelength dependent (blue light is more centrally concentrated than red light) causing a wavelength dependent photometric light curve as the planet transits (Figure 2 ). Limb darkening also slightly favours the spectroscopic detection of the planet's O 2 A-band absorption. We parameterise the limb darkening effect by
where I * is the intensity at the centre of the stellar disk, u is a wavelength dependent limbdarkening coefficient. u = 0.36 at the O 2 A-band wavelengths (Hestroffer & Magnan 1998; Sacket 1999) . µ is the cosine of the angle between the line of sight and the direction of the emerging flux, and is given by
where R * is the stellar radius and x is the projected radius from the stellar centre. The residual starlight is given by
where R H = R p + H, R p is the planet radius and H is the maximum planetary atmosphere height (see Figure 3) . We adopt H = 100h. Equation 8 integrates to give ≈ πR
for u = 0.36, where we have adopted a normalised stellar central intensity of I * = 1.
3.2 The stellar flux transmitted through the planetary atmosphere Figure 3 illustrates the geometry for a transiting planet. The O 2 column density along a line of sight grazing the extra-solar planet at an impact parameter x is
where the factor f allows for an O 2 concentration which differs from the terrestrial value. h = kT mg is the atmospheric scale height (7.7 km for O 2 ), k is Boltzmann's constant, T is a characteristic temperature, m is the mass of the species and g is the acceleration due to gravity for the planet (we neglect the height-dependence of g).
The path length along which we wish to integrate, t, depends on the height above the surface of the planet, r, the impact parameter x, and the Earth's radius, R p = 6, 378 km (NASA website), is horizontal in the plane of the diagram. R p is the radius of the planet. r is the distance from the centre of the planet to a point within the atmosphere. The path length through the atmosphere, at an impact parameter x above the planet surface, is 2t. H is the maximum atmospheric height considered. Absorption will occur over all possible path lengths through the sky-projected anulus.
The column density at an impact parameter x therefore becomes
The results are insensitive to the maximum atmospheric height out to which the integral is carried out, once H ≫ h, due to the exponential density decline. The spectrum associated with a particular impact parameter x, along a particular line-of-sight through the atmosphere, is then given by
where τ λ (x) = N(x)a λ and a λ is the absorption coefficient (chosen to correspond to the normalisation given in equation 5.
However, we need to allow for all possible lines of sight through the planetary atmosphere, so must integrate over the sky-projected anulus to obtain the observed spectrum due to starlight passing through the atmosphere,
which may be evaluated numerically.
The final spectrum
The flux observed from the host star is given by the sum of equations 10 and 17 sponding noise-free spectrum is shown, offset for illustration. The spectral signal-to-noise ratio is 18,000 per pixel, the spectral resolution (FWHM) is 7.7 km/s and the pixel size is 0.06Å. This is the most favourable case considered.
where the λ dependence is shown to emphasise that, for simplicity, we assume the underlying stellar light to be a flat featureless continuum. The first term on the right hand of equation 18 is small and the O 2 A-band spectral signature from due to light transmitted by the planetary atmosphere is massively diluted by the residual starlight.
Measurement bounds
Using the results of Section 3, equation 18 enable us to generate synthetic spectra, F (λ) obs , which we treat as "real data". The simulated spectrum is convolved with an instrumental profile assumed to be Gaussian with FWHM = 7 km/s. We report the results for 4 stellar radii, R * = 0.1, 0.2, 0.3, 0.4R ⊙ (R ⊙ = 6.96 × 10 5 km) and 3 signal-to-noise ratios (per spectral pixel) of 6000, 12000, and 18000. These signal-to-noise ratios are attainable using existing high resolution echelle spectrographs on 8m-class ground-based telescopes. Integration times of several hours are required, for stellar magnitudes (V )V ∼ 5 − 10, at the bright end of the M-star luminosity function.
We fit the "real data", with trial models, G(λ, f ). The concentration of O 2 in the extrasolar planetary atmosphere, as a fraction of the terrestrial value, f , is the only interesting freeparameter, assuming the stellar radius, R * , is known from independent observations of the star. We used VPFIT to fit the M pixels over the spectral range 7590 − 7710Å, computing
Figure 5: χ 2 minimisation to obtain the 3σ detection limits illustrated in Figure 6 . This curve corresponds to the {R = 0.1R p ; s/n=6000} point in Figure 6 (top left).
where σ 2 is the variance per pixel in the "real data". To determine the error bounds on f , we use 3σ limits,
Results
One of the χ 2 curves is illustrated in Figure 5 . The asymmetry of the χ 2 curve is to be expected, and was similar for all fits. Below f = 1, the observed absorption equivalent width is approximately proportional to column density. At higher values of f , the O 2 A-band begins to saturate, and a large increase in f then causes little change in the observed intensity. Thus, we are more sensitive to a lower limit than an upper limit. Figure 6 illustrates the results for the range in parameter space we explored. 3σ bounds are plotted. Only at small R * can both lower and upper limits be obtained, although lower limits are far more interesting. It appears feasible to obtain reliable detections of the O 2 A-band for combinations of {R * ; s/n} of {0.1R ⊙ ; 6000}, {0.1, 0.2R ⊙ ; 12000}, and {0.1, 0.2, 0.3R ⊙ ; 18000}.
6 Discussion 6.1 Transit time for a planet in the habitable zone Repeated observations are possible (to build up spectral signal-to-noise) for the interesting case of a planet residing in the habitable zone (HZ) around a low mass host star. The maximum transit duration is (Sackett 1999) , 
and we can use Kepler's 3rd law
to get the maximum transit time in hours,
Approximate values of the orbital radii for planets in the habitable zone are a HZ = 0.03, 0.09, 0.15, 0.2 AU for stellar masses of 0.1, 0.2, 0.3, 0.4 M ⊙ (Kasting 1993) . Using equation 25, the maximum transit times for planets in these orbits are 0.7, 1.7, 2.8, 3.7 hours. The corresponding orbital periods are 6, 22, 122, 163 days, so repeated high resolution spectral observations are feasible in order to build up a sufficient spectral signal-to-noise ratio.
The calculations we have presented here can be developed further. We have considered only the O 2 A-band band, but it would be advantageous to perform a simultaneous analysis including other spectroscopic signatures, such as the O 2 B-band, water vapour features, ozone and methane. We have considered the specific case of a terrestrial-like atmosphere but other concentrations could be investigated. Our results broadly agree with the previous calculations of Schneider (1994) , providing more quantititive details. Specifically, the important result we find is that we should be able to detect the transmission absorption feature of the O 2 A-band in the atmosphere of an extra-solar planet as it transits a host star with R * ≤ 0.3R ⊙ , for s/n ≥ 12000. It is possible that detections could be made against larger stellar radii, if additional absorption features are incorporated into the analysis.
The number of potential targets
Life-bearing planets are clearly the most interesting, so we consider the potential number of suitably bright M-stars, with Earth-like planets in their HZ's, and which are in edge-on orbits so we could detect them. The joint probability of interest is the product of the number of available M-stars stars down to a given limiting magnitude), n * , the fration of those stars which have an Earth-like planet in the HZ, f ⊕ , and the probability of there being an edge-on orbital alignment, i.e. the number of potential targets is
We assume a potential survey covers the whole-sky. There are approximately 80, 380, 1350, and 4800 M-stars down to limiting magnitudes of m(V ) = 10, 11, 12 and 13. If the observations were carried out using existing echelle spectrographs on current ground-based 8m optical telescopes, the signal-to-noise ratios for our simulated spectra require m(V ) = 10 for reasonable integration times (∼ 10 hours). A larger telescope aperture or/and better overall telescope/instrumentation efficiency is required. An improvement of at least a factor ∼ 15 in the count-rate is needed to be able to carry out this experiment using observations of m(V ) = 13 M-stars. Wetherill (1996) investigates in detail the formation of planets around stars of various mass. His simulations produce the fascinating result that the abundance of habitable planets is likely to be greatest for a 1M ⊙ star. Up to about 15% of 0.5M ⊙ stars have habitable planets, although these generally have masses smaller than that of the Earth. The results are sensitive to the assumed initial surface density. To increase the planet yield, the surface density would need to be more centrally concentrated than that for the solar system. If we assume that a survey could be carried out for m(V ) = 13 M stars, take f ⊕ = 0.15 and R * = 0.3R ⊙ , this rough calculation gives a total of 5 M stars, with habitable planets which are in edge-on orbits. Those targets would obviously be pre-selected using photometric transit observations. A telescope which is considerably greater than 8m diameter would seem to be required to have a good statistical chance of detecting life elsewhere on an Earth-like planet.
